solutions imparts useful information about the operation mechanisms of the surfactants as additives.
In previous studies 16, 17 , the interactions between acid dyes and a polymer additive, i.e., poly vinylpyrrolidone , were investigated in detail. As a result, the effects of dye structure, polymer molecular weight, temperature, etc. were elucidated.
In the present study, the effects of various surfactant additives used to formulate inkjet inks for textiles were investigated. To investigate the physical properties of the surfactants, the critical micelle concentration cmc and aggregation number N were measured using electron spin resonance ESR , static light-scattering SLS , and fl uorescence spectroscopy. On the basis of the cmc and N values, the visible absorption spectra of aqueous acid dye solutions C. I. Acid Red 88, 13, and 27 containing surfactants i.e., Surfynol 465 S465 , octaethylene glycol monododecyl ether OGDE , and sodium dodecyl sulfate SDS were measured. The binding constants, K bind , of the acid dyes with the surfactant micelles were calculated from the dependence of the spectra on surfactant concentration and are discussed in detail. Furthermore, the thermodynamic parameters for the binding processes are discussed in order to elucidate the effects of the dye structure, surfactant structure, etc.
EXPERIMENTAL PROCEDURES 2.1 Materials
A nonionic gemini surfactant, i.e., Surfynol 465 S465, α, α -2 , 4 , 7 , 9 -t e t r a m e t h y l -5 -d e c y n e -4 , 7 -d i y l b i s ω-hydroxylpoly oxyethylene with 10 oxyethylene segments, a nonionic surfactant, i.e., octaethylene glycol monododecyl ether OGDE , and an anionic surfactant, i.e., sodium dodecyl sulfate SDS , were used as the surfactant additives. S465 was supplied by Air-Product and Chemicals Inc. and used without further purifi cation. OGDE and SDS were purchased from Wako Pure Chemical Industries, Ltd. and used without further purifi cation. The chemical structures of the surfactants are shown in Fig. 1 .
4-Hydroxy-TEMPO benzoate HTB , which was obtained from Wako Pure Chemical Industries, Ltd., was used as the ESR probe. For the fl uorescence quenching measurements, pyrene Wako Pure Chemical Industries, Ltd. and cetylpyridinium chloride CPC; Tokyo Chemical Industry, Co. Ltd. were used as the fl uorescent probe and quencher, respectively, without further purifi cation.
Three acid dyes containing different numbers of sulfonate groups, i.e., C. I. Acid Red 88 R-1 , C. I. Acid Red 13 R-2 , and C. I. Acid Red 27 R-3 were used Fig. 1 . R-1 and R-3 were purchased from Tokyo Chemical Industry Co., Ltd., and used after purification, while R-2 was prepared via the coupling of diazotized 4-amino-1-naphthale-nesulfonic acid with sodium 2-hydroxy-6-naphthalenesulfonate under alkaline conditions and then purifi ed following a published procedure 17 .
Methods

Electron spin resonance spectroscopy
The electron spin resonance spectra were recorded using a JES-TE200 ESR spectrometer JEOL, Japan , which was operated at the X-band under the following conditions: microwave frequency of 9.13 GHz, microwave power of 1 mW, center fi eld of 325 mT, sweep width of 5 mT, sweep time of 2 min, fi eld modulation width of 0.1 mT, and a time constant of 0.1 s. The ESR spectra of aqueous solutions containing various concentrations of surfactants and a constant spin probe i.e., HTB concentration of 1 10 4 mol dm 3 were measured at 15, 25, 35, and 45 .
Static light scattering
Static light-scattering measurements were performed using a Zetasizer Nano-ZS Malvern Instruments, U.K. in order to investigate the micelle aggregation number of S465. The solutions were fi ltered through a 0.2 μm syringe filter Whatman, U.S.A. before SLS analysis. The concentration of S465 was varied between 0.042 and 0.133 g cm 3 above the cmc , and data were collected at 15, 25, 35, and 45 against a toluene standard.
Fluorescence quenching measurements
The fluorescence spectra of the pyrene monomers in aqueous OGDE solutions were measured using a RF-5000 fl uorescence spectrometer Shimadzu, Japan . These measurements were carried out at an excitation wavelength of 335 nm in the range of 300-600 nm at 15, 25, 35, and 45 . Surfactant solutions with a concentration of 2 10 3 mol dm 3 , which is much higher than the cmc value, were used. The pyrene concentration was held constant at 10 6 mol dm 3 , and the CPC quencher concentration was varied from 0 to 6 10 5 mol dm 3 .
Visible absorption spectroscopy
The visible absorption spectra of aqueous solutions containing varying concentrations of surfactants and a constant dye concentration i.e., R-1: 2.97 10 5 mol dm 3 ; R-2: 2.81 10 5 mol dm 3 ; R-3: 2.83 10 5 mol dm 3 were recorded over a wavelength range of 300-800 nm at 15, 25, 35, and 45 using a UV-530 spectrophotometer JASCO, Japan .
RESULTS AND DISCUSSION
Critical micelle concentration
To determine the critical micelle concentration of S465 and OGDE, ESR spectra were measured. ESR spectroscopy is a very effective method for the detection of free radicals and the examination of radical mobility in molecular selfassembled systems such as surfactant micelles 18, 19 .
The ESR spectra of HTB in aqueous OGDE solutions below and above cmc are shown in Fig. 2 . The shapes of the ESR spectra were dependent on the OGDE concentration and consisted of three sharp, symmetric lines. The height and width of the lines in the lower and central magnetic fi eld were almost equivalent, which indicates that the spin probe rotates isotropically. The line in the higher magnetic field reflects the rotational mobility; it decreases in height and broadens with decreasing rotational mobility. The broadening of the higher fi eld line above the cmc suggests that the spin probe is solubilized into the micelles, as was described in the literature 19, 20 .
The rotational correlation times, τ R , can be determined from the ESR spectra on the basis of isotropic rotation according to the following equation 21, 22 :
The constant K 2 significantly varies depending on the probe and the system for a given probe: in the present study, a value of 6.7 10 9 s mT 1 was used 23 . ΔH 0 mT is the peak-to-peak line width of the central line and R I 0 /I 1/2 , where I , I 0 , and I are the intensities, i.e., the peak-to-peak heights, of the lines, as shown in Fig. 2 . Plots of τ R versus the surfactant concentration, C S , are shown in Fig. 3 . The dependency of τ R on the concentration shows a similar trend for all the surfactants and temperatures. The τ R values of HTB in aqueous solutions of S465 and OGDE
Fig. 2 Typical ESR spectra of HTB in aqueous OGDE
solutions with different concentration: 0, 5 10 -5 , 2 10 -3 mol dm -3 at 25 .
increased sharply above certain concentrations, which correspond to their relative cmc values. The increase of τ R is due to the molecular tumbling becoming slower in the micelles than in water. The cmc values for the nonionic surfactants were determined from the intersection of two straight lines that were drawn using the least-squares method, as shown in Fig. 3 and presented in Table 1 . The cmc value of 10.1 mmol dm 3 for S465 at 25 is quite similar to previously reported values 10 24 , 10.5 25 , and 11-14 12 mmol dm 3 . The cmc value of 0.108 mmol dm 3 that was determined for OGDE at 25 is slightly higher than the 0.09 26 , 0.071 27 , and 0.088 28 mmol dm 3 values reported in previous studies. The cmc of SDS at 25 was determined to be 7.6 mmol dm 3 using the ESR spin probe technique 29 , which is similar to the cmc values obtained using other methods 30, 31 .
For both nonionic surfactants, the cmc values decreased with increasing temperature. The changes in the cmc values for OGDE are consistent with the results from the surface tension measurements 27 . The cmc values for S465 that were determined using calorimetry have also been reported to decrease from 10.5 to 4.8 mmol dm 3 in the temperature range of 25 to 75 33 . These results indicate that the decrease of cmc with increasing temperature is a common feature of nonionic surfactants that contain ethylene oxide EO units such as Triton X-100 34 , tetraethylene glycol monooctyl ether 35 , and S465 24 . Similar results were also obtained for some gemini surfactant systems 36 38 .
Aggregation number
To determine the micelle aggregation number, N, static light scattering measurements were carried out. The SLS intensities acquired from the micellar solution can be computed using the Debye equation, as follows 39 41 :
where K is the optical constant, ΔR q is the reduced intensity relative to cmc, and c is the surfactant concentration. A 2 and M W represent the second virial coefficient and the average micelle molecular weight, respectively. Figure 4 shows the Debye plots of K c cmc /Δ R q as a function of c cmc for S465 at various temperatures. The average micelle molecular weight was determined from the intercept of the Debye plots. The micelle aggregation numbers of S465 were then calculated via N M W /M 0 , where M 0 is the molecular weight of S465. The aggregation numbers thus obtained are shown in Table 1 and are quite similar to the literature value of 12.8 at 25 24 . The extended conformation of S465 in the micellar state accounts for the relatively low aggregation number 24 .
SLS measurements for OGDE were very diffi cult because the cmc values for OGDE are very low. Therefore, the N values for OGDE were determined using fluorescence quenching measurements via the following equation 36 
where Q , S , and free monomer are the concentrations of the quencher, total surfactant, and free monomer, respectively. The concentration of the free monomer, which is in equilibrium with the micelle aggregates, is almost equal to the critical micelle concentration. I 0 and I are the fl uorescent intensities at an emission wavelength of 373 nm in the absence and presence of the quencher, respectively. Semi-logarithmic plots of the fl uorescent intensity ratio, I 0 /I, versus Q are shown in Fig. 5 . All the plots display good linearity, and the aggregation numbers were calculated from the slopes Table 1 . The N values for the OGDE micelles were determined to be 50, which is approximately half of the reported values 89-102 at 25 43, 44 . However, in the literature, the OGDE concentrations used for the measurements were greater than 10 mmol dm 3 whereas in the present study it was 2 mmol dm 3 . This difference in the OGDE concentrations causes the disparity of the N values, which suggests that the aggregation numbers of the OGDE micelles change with surfactant concentration. The N value of SDS at 25 was determined to be 71 by fluorescence quenching measurements 29 , which is quite similar to the literature value of 72 32 .
The aggregation numbers of S465 and OGDE micelles increased with increasing temperature. Nonionic surfactants showed similar tendencies, as reported the previous papers 32, 44 : in the temperature range from 25 to 55 , the N value of OGDE micelles increased from 96.8 to 138 44 . Currently, the mechanism of the infl uence of temperature on the aggregation number of nonionic surfactants is a matter of controversy 45 47 . In contrast, our results 29 indicate that the aggregation numbers of SDS micelles decreased with increasing temperature, which is in agreement with previously reported results 32 . Similar decreases were reported for other ionic surfactants such as n-dodecylammonium chloride, n-dodecyltrimethylammonium bromide, n-tetradecyltrimethylammonium chloride, and n-hexadececyltrimethylammonium chloride 32 . In summary, the aggregation number increased with temperature for nonionic surfactants, whereas anionic surfactants showed the opposite trend.
To discuss the shape of a surfactant molecule and the infl uence of temperature on the N values in more detail, the critical packing parameter CPP values were calculated using the following equation 48 :
where v is the molecular volume of the hydrophobic moiety of the amphiphile formed by the hydrocarbon chains, l c is the length of the hydrophobic chains in the aggregate, and a 0 is the surface area of the hydrophobic core of the aggregate, which is expressed per molecule in the aggregate.
The v and l c values for a fully extended hydrocarbon chain with nc carbon atoms are defined according to Tanford s model 49 as follows: where k is the number of hydrocarbon chains in the tail and n c is the number of carbon atoms in each hydrocarbon chain in the tail. If we consider a spherical micelle with a micellar hydrophobic core radius, r, made up of N surfactant molecules, then the total volume of the micellar hydrophobic core, V, and the surface area of the micellar hydrophobic core, A, are given as Since r cannot exceed the length of the fully extended hydrophobic chains, l c , the CPP must be 1/3 in order for the spherical micelle to be stable. The critical packing parameters values of 0.316-0.333 for OGDE that were determined in the present study indicate that the micelle is spherical, which is in good agreement with the results described in previous papers 50 .
In the case of S465 and SDS, except for S465 at 15 and SDS at 45 , spherical micelles were not formed because the r values were longer than l c . Thus, the assumption that the micelles of S465 and SDS are spherical is inconsistent, i.e., the a 0 , r, and CPP values that were calculated using Eqn. 7 are incorrect the values in parentheses in Table  2 . The CPP value of 0.333 for SDS at 45 suggests the formation of a spherical micelle, but a non-spherical shape was observed at other temperatures. This change of the micellar shape with temperature was also identifi ed in previous studies: the micellar shape changed from spherical to cylindrical/rod-like with decreasing temperature 51 53 . In a previous study 14 , the S465 micelles were determined to be polydisperse and spherical with a hard sphere structure; however, the shape of S465 micelles was non-spherical at all temperatures except 15 in the present study. This suggests that the micelles are spherical at lower temperatures and become non-spherical at higher temperatures.
Interactions between acid dyes and surfactant micelles
The interactions of three acid dyes with three kinds of surfactants in aqueous solutions were measured using visible absorption spectroscopy. The visible absorption spectra of the aqueous dye solutions in the absence and presence of the surfactants are shown in Fig. 6 . For all the dye/surfactant systems except R-2/SDS and R-3/SDS, the maximum absorption wavelength shifted to a higher wavelength i.e., underwent a red shift when the surfactants were added to the aqueous dye solutions. For the R-2/SDS system, a blue shift was observed, while no spectral change was seen for the R-3/SDS system. Spectral changes indicate that the dyes are solubilized into the surfactant micelles.
To analyze the changes in the spectra with surfactant concentration, the extinction coeffi cients, ε , at the wavelength where the largest difference was observed i.e., R-1/ S465: 495 nm; R-2/S465: 497 nm; R-3/S465: 509 nm; R-1/ OGDE: 495 nm; R-2/OGDE: 498 nm; R-3/OGDE: 513 nm; R-1/SDS: 494 nm; R-2/SDS: 527 nm; and R-3/SDS: 541 nm were determined. As shown in Fig. 7 , the extinction coefficients decreased with increasing surfactant concentration for all the dye/surfactant systems except for R-3/SDS. In the R-3/SDS system, the extinction coeffi cients were barely affected by the presence of SDS, which suggests that R-3 did not interact with the SDS micelle because of the electrostatic repulsion between the three sulfonate groups in R-3 and the sulfate groups of the SDS micelles. It was determined that the following equilibrium is active in the dye/surfactant systems because isosbestic points were observed in the visible absorption spectra Fig. 6 :
where D, M, and D M represent the dye, the surfactant micelle, and the dye/micelle complex, respectively. If the surfactant concentration and aggregation number of the micelle are defi ned as C S and N Table 1 , respectively, the micelle concentration, C M , can be expressed as C S cmc / N. Here, the C M used for S465 and SDS is much higher than the total dye concentration, C 0 , to ensure that a single dye molecule is incorporated into the micelles. On the other hand, the C M used for OGDE is in the same order as C 0 ; therefore, the equilibrium shown in Eqn. 8 might not be attained if the dye has a strong affi nity. When the concentrations of the total dye, the bound dye, and the free dye are defi ned as C 0 , C b , and C f , respectively, the binding constant of the dye with the micelle, K bind , can be expressed using the following equation:
Since C 0 C f C b , Eqn. can be rewritten as Eqn. 10 , as follows:
where A C 0 C M 1/K bind . On the other hand, if ε f and ε b are the extinction coeffi cients of the free and bound dye, respectively, then the observed extinction coefficient, ε, can be expressed as follows: Table 2 The critical packing parameters (CPP) of the surfactants used in this study. 
Fig. 6
Visible absorption spectra of the aqueous dye solutions in the absence and presence of the surfactants at 25 .
Fig. 7
Dependence of the extinction coeffi cients, ε, on surfactant concentration at 25 .
By substituting Eqn. 10 and
On the basis of Eqn. 12 , the binding constant, K bind , and the extinction coeffi cient of the bound dye, ε b , were calculated using the nonlinear least-squares method SigmaPlot, SPSS . The solid lines in Fig. 7 represent the fi tting curves calculated using the obtained values of K bind and ε b , and show good agreement with the observed values for all the dye/surfactant systems except R-1/OGDE. This shows that the equilibrium shown in Eqn. 8 is not attained in the case of R-1 since it has a strong affinity, as was pointed out above.
The calculated binding constants, K bind , are given in Table 3 and decrease in the order of R-1 R-2 R-3 at every temperature, which correlates with the number of sulfonate groups. It is worth mentioning that the introduction of sulfonate groups into the dye molecules increases their solubility in water, i.e., the solubility increases in the order of R-1 R-2 R-3, which corresponds with the decreasing order of K bind . This indicates that the binding affi nity to all the surfactant micelles decreases with increasing water solubility, i.e., the binding affi nities are strongly influenced by changes in the hydrophilic or hydrophobic character of the dyes. Thus, hydrophilicity i.e., water solubility is one of the most important factors in the process of binding dyes with surfactant micelles. Similar results were also obtained for the binding of two acid dyes, i.e., C. I. Acid Red 88 R-1 and C. I. Acid Orange 7, with cationic surfactants, i.e., n-dodecylpyridinium chloride, n-cetylpyr-idinium chloride 54 , and n-dodecyltrimethylammonium bromide 55 . C. I. Acid Red 88 contains two naphthalene rings, while C. I. Acid Orange 7 has one benzene and one naphthalene ring. Therefore, the former dye is more hydrophobic than the latter. The more hydrophobic acid dye, i.e., C. I. Acid Red 88, showed larger association constants with the cationic surfactants. As an example, the association constants of C. I. Acid Red 88 with the surfactants that contained pyridinium cations were almost infi nite 55 .
The effects of the surfactant structure on the binding constants are discussed using the data for R-2 because its binding constants with all the surfactants could be determined. The K bind values for the anionic surfactant, SDS, were much smaller than those for the nonionic surfactants, S465 and OGDE, which suggests that the electrostatic repulsion between the negatively charged groups of R-2 and SDS reduces their affi nity. In particular, it is diffi cult to calculate the binding constants of the R-3/SDS system because the extinction coefficients were not affected by the surfactant concentrations, which must be due to electrostatic repulsion. The importance of electrostatic interactions in binding processes has been identified in various dye/surfactant systems 50, 56 59 . For example, the binding behavior of an azo dye, i.e., sodium 1-4-methoxyphenylazo -2-naphthol-6-sulfonate, with an SDS and pentaethyleneglycol mono n-dodecyl ether C 12 EO 5 micelle has been reported 56 ; the affinity of the dye with SDS micelles was smaller than that with C 12 EO 5 micelles due to electrostatic repulsion, which is the same as the trend that was identifi ed in the present case.
The binding constants for OGDE were much greater than those for S465. In particular, it was diffi cult to fi t the calculated line to the measured values for the R-1/OGDE system. This is because of either extremely large binding constants i.e., the steep change of the extinction coefficients or complicated binding processes involving multiple equilibria. This difference in the binding affinity of dye molecules towards S465 and OGDE might be attributed to the different physical properties of two nonionic surfactants: the cmc values and aggregation numbers of the OGDE micelles are much lower and higher than those of the S465 micelles, respectively. To discuss the binding process in more detail, the thermodynamic parameters were determined from the temperature dependence of K bind , which is related to the enthalpy change, ΔH bind , and entropy change, ΔS bind , as shown in Eqn. 13 .
where T is the absolute temperature and R is the gas constant. The van t Hoff plots of ln K bind against 1/T are shown in Fig. 8 . All the plots showed good linearity; therefore, ΔH bind and ΔS bind were determined from the slope and intercept of the straight lines, respectively, and are summarized in Table 3 .
The positive enthalpy change for S465 indicates an endothermic binding process, whereas the negative values of ΔH bind for SDS and OGDE indicate exothermic binding processes. This is explained as follows: In the case of SDS, the negatively charged head groups are located at the micelle/ water interface and the hydrophilic dye molecules are located near the head groups. Therefore, hydrophobic interactions cannot be effective and binding is driven enthalpically rather than entropically. For the S465 micelles, the dye molecules might be located near the hydrocarbon chains. For this reason, the dye molecules should interact with the hydrophobic portion of the surfactant and result in effective hydrophobic interactions. Thus, the thermodynamic behavior is strongly related to the micelle structures.
The increasing number of sulfonate groups in the acid dyes made the binding reaction more enthalpic and less entropic for S465 and SDS, whereas the opposite result was obtained for OGDE. This might be related to the structure of the micelles. It is thus concluded that the thermodynamic parameters reflect the structural effects of both the dyes and surfactants.
CONCLUSION
The results of this study show that the interactions between dyes and surfactants in aqueous solutions are strongly dependent on the chemical structures of both the dyes and the surfactants.
The higher the number of sulfonate groups in the dyes, and therefore the higher the hydrophilic character of the dyes, the lower the binding constants of the dyes with surfactant micelles. The binding constants for the nonionic surfactants, S465 and OGDE, were much larger than those for the anionic surfactant, SDS, which suggests that the electrostatic repulsion between the negatively charged groups of the dyes and SDS reduces the affinity. The binding affinity of the dye molecules with the OGDE micelles was signifi cantly larger than that with the S465 micelles.
S465 is known to be one of the best surfactants from a practical perspective. The present study shows that S465 has a low aggregation number and a relatively low binding affi nity with acid dyes. Therefore, surfactants with low aggregation numbers and relatively low binding affi nities with acid dyes might be identified as good additives for inkjet ink.
The elucidation of the nature and extent of the interactions between dyes and surfactant micelles will contribute to the improvement of inkjet ink. 
